Scorpion venoms are composed of a number of peptides, many of which show neurotoxicity. In addition to these neurotoxins, several antimicrobial peptides have also been isolated from the venoms. The scorpion Isometrus maculatus, belonging to the Buthidae family, is found in many tropical regions including Japan, but little attention has been paid to its biological activity and chemical composition. In this study, we isolated a novel insect toxin, Im-1, by bioassay-guided fractionation of the venom of I. maculatus. Rapid and reversible paralysis was observed after injection of Im-1 into crickets. Im-1 consists of 56 amino acids, and is predicted to form an amphipathic -helix. Since Im-1 shares sequence similarity to an antimicrobial peptide, parabutoporin, we evaluated its effects on several bacterial strains and found that it showed an antimicrobial activity profile similar to parabutoporin. This suggests that Im-1 and parabutoporin exert their antimicrobial effects through similar mechanisms.
Scorpions use venom to capture prey and to defend themselves against predators. To fulfill this aim, scorpion venom contains a number of peptides, many of which are neurotoxic to various organisms such as mammals, insects, and crustaceans by specifically modulating ion channels in excitable membranes. 1) These peptides are classified into two groups based on their molecular size: (i) long-chain toxins containing 60-70 amino acid residues, and (ii) short-chain toxins containing 30-40 amino acid residues. All peptides of both groups contain three or four disulfide bridges. In addition to these neurotoxins, several antimicrobial peptides have been isolated from scorpion venoms, although their biological roles remain unclear.
2) Antimicrobial peptides in scorpion venoms are divided into two families according to distinct structural features: (i) amphipathic -helical peptides without disulfide bridges, and (ii) peptides possessing multiple disulfide bridges that stabilizehelix and -strand structures. The former peptides have been reported to form pores in cytoplasmic membranes to induce the dissipation of ion gradients.
3) The mechanisms of action of the latter peptides are poorly characterized, but the N-terminal -helical region appears to be required for antimicrobial activity. 4) The scorpion Isometrus maculatus, which belongs to the Buthidae scorpion family, is found in tropical regions throughout the world including Japan. Since the venom of this scorpion is nearly harmless to humans, little attention has been paid to its biological activity and chemical components. To date, only one antimicrobial peptide has been identified from the cDNA library derived from the venom glands of I. maculatus.
5)
However, since most scorpions, including I. maculatus, use venom to capture insects, some components toxic to insects are included in their venom. Moreover, peptides with unique structural features have been isolated from venoms that are not hazardous to humans. [6] [7] [8] These facts motivated us to search for insect toxins in the venom of I. maculatus.
In this study, we first examined the toxicity of the venom of I. maculatus against insects and mammals, and characterized its components by mass spectrometric analysis. We then purified the peptide (designated Im-1) from the venom based on its toxicity against insects. The effects of Im-1 on bacterial growth were also examined.
Materials and Methods
Collection of venom. Scorpions I. maculatus were collected in Ishigaki Island, located at the southern end of the Ryukyu Islands in Japan. They were reared in the laboratory under dry conditions at 25 C, and fed crickets purchased from Cyber Cricket (Otsu, Japan). For venom collection, each scorpion was placed in a cage and stimulated to sting a sheet of Parafilm set on a wire frame by gently touching the side of the mesosoma with forceps.
9) The venom secreted on Parafilm was dissolved in aqueous 2% acetic acid and filtered, and the venom solution was lyophilized and stored at À80 C. Venom obtained from female specimens was used in this study.
Bioassay. Insect toxicity was tested using crickets Acheta domestica (50 AE 5 mg of body weight) by injection of 1-2 ml of the sample solution in distilled water into the abdominal region. Distilled water was injected as a control. Paralysis and death were monitored for up to 24 h. For each measurement, 10-20 animals were used. The doses required to induce paralysis (ED 50 ) or death (LD 50 ) in half of the test animals were determined from dose-response curves using statistical software PRISM (GraphPad Software, San Diego, CA).
y To whom correspondence should be addressed. Tel: +81-75-753-6116; Fax: +81-75-753-6123; E-mail: miyamasa@kais.kyoto-u.ac.jp Abbreviations: MIC, minimal inhibitory concentration; RP-HPLC, reversed-phase high-performance liquid chromatography; TFA, trifluoroacetic acid; HFBA, heptafluorobutyric acid; CD, circular dichroism; TFE, trifluoroethanol Mammal toxicity was evaluated by intraperitoneal injection of the sample solution in PBS buffer into mice (male Slc:ICR strain, 20 g of body weight) after anesthesia using diethyl ether. PBS buffer was injected as a negative control. Two animals were used for each measurement. Toxic symptoms were monitored for up to 24 h. The experimental protocol was approved by the Ethical Committee for the Welfare of Animals of Kyoto University.
Antimicrobial activity was measured against Gram-negative bacteria, Escherichia coli NBRC 3972, and Gram-positive bacteria, Staphylococcus aureus NBRC 13276 and Bacillus subtilis NBRC 3009 (NITE Biological Resource Center, Chiba, Japan) by liquid growth inhibition assay. Each bacteria strain was grown in liquid LB medium (1% tryptone, 0.5% yeast extract, and 1% NaCl). Minimal inhibitory concentrations (MICs) were determined by 2-fold microtiter broth dilution assay. Aliquots of each sample (10 ml) were incubated with 90 ml of a suspension of a mid-logarithmic phase culture of bacteria at a starting absorbance of Cytotoxicity against insect cells was evaluated using Spodoptera frugiperda (Sf9) cells. The Sf9 cells were cultured at 25 C in EX-CELLÔ 420 medium supplemented with 10% fetal bovine serum (SAFC Biosciences, Lenexa, KS). The cells were incubated with various concentrations of Im-1 in 24-well tissue-culture plates (Asahi Glass, Tokyo, Japan) for 3 h at 25 C. Morphological changes in the cells were observed using an inverted microscope. The experiments were repeated 3 times.
Mass spectrometric analysis. MALDI-TOFMS measurements were carried out on a Voyager DE Pro mass spectrometer with a nitrogen pulsed laser (337 nm) (Applied Biosystems, Foster City, CA). Samples were dissolved in a matrix solution containing 10 mg/ml of 2,5-dihydroxybenzoic acid, 50% acetonitrile, and 0.1% trifluoroacetic acid (TFA), and 1 ml of the solution was spotted onto the MALDI sample target and then allowed to dry at room temperature. External calibration of the mass scale was carried out using peptides of known molecular masses. LC/MS measurements were carried out in positive ion mode on an LCMS-IT-TOF mass spectrometer (Shimadzu, Kyoto, Japan) equipped with an electrospray ion source. Reversed-phase highperformance liquid chromatography (RP-HPLC) separation was performed on a C 18 microbore column (TSKgel ODS-100V 3 mm, 1 Â 35 mm, Tosoh, Tokyo, Japan). The column was eluted with 0.1% formic acid in water (solvent A) and 0.1% formic acid in acetonitrile (solvent B) at a flow rate of 0.05 ml/min, using a linear gradient of 10 to 45% solvent B over 5 min. The mass scale was calibrated externally using sodium trifluoroacetate cluster ions.
Purification of peptides. The crude venom (6.8 mg) was dissolved in distilled water and applied to a C 4 semipreparative RP-HPLC column (10 Â 250 mm, Grace Vydac, Deerfield, IL). The column was eluted with 0.1% TFA in water (solvent C) and 0.08% TFA in acetonitrile (solvent D) at a flow rate of 2 ml/min using a linear gradient of 5 to 65% solvent D over 60 min. Elution was monitored by UV absorbance at 215 nm. Major chromatographic peaks were collected and lyophilized. Each fraction was submitted to the insect toxicity test, as described above, and the fraction showing toxicity was applied to a C 18 analytical RP-HPLC column (4:6 Â 250 mm, Grace Vydac). The column was eluted at a flow rate of 0.8 ml/min using a linear gradient of 5 to 35% solvent B over 60 min. Each peak was collected individually and lyophilized. By testing each fraction for insect toxicity, a single toxic component was obtained. The purity of this component was checked by RP-HPLC on a C 18 microbore column (1 Â 250 mm, Grace Vydac). The column was eluted with 0.1% heptafluorobutyric acid (HFBA) in water (solvent E) and 0.1% HFBA in acetonitrile (solvent F) at a flow rate of 0.05 ml/min using a linear gradient of 10 to 50% solvent F over 80 min.
Determination of amino acid sequence. The purified peptide (200 pmol) was subjected to automated Edman sequencing analysis (Procise 491-HT, Applied Biosystems). To obtain the C-terminal part of the sequence, the peptide (250 pmol) was digested with endoproteinase AspN (Wako Pure Chemical Industries, Osaka, Japan) at a peptide/enzyme ratio of 32:1 (w/w) in 50 mM phosphate buffer (pH 8.0) for 21 h at 37 C. Digested peptide fragments were subjected to PR-HPLC separation on a C 18 microbore column (1 Â 250 mm, Grace Vydac). The column was eluted at a flow rate of 0.05 ml/min using a linear gradient of 2 to 60% solvent D over 58 min. The C-terminal fragment was identified by LC/MS analysis as described above and subjected to automated Edman sequencing analysis.
Peptide synthesis. Im-1 was chemically synthesized by GenScript USA (Piscataway, NJ). A comparison with natural Im-1 by MS and HPLC analysis confirmed that the synthesized Im-1 possessed the same chemical properties as native Im-1. The purity of the peptide was 96.6% as assessed by HPLC.
Circular dichroism (CD) measurements. CD spectra were recorded on a J-720 spectropolarimeter (Jasco, Tokyo, Japan). The spectra were measured between 190 and 260 nm (0.2 nm steps) at 25 C with a 1-mm-pathlength cell. Samples were dissolved in water or 50% trifluoroethanol (TFE)/water at a concentration of 10 mM. Five scans were averaged for each sample. The -helix content was estimated by the program CONTIN/LL in the CDPro package.
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Results
Characterization of I. maculatus venom
The venom of I. maculatus exhibited lethal toxicity against crickets (A. domestica), with an LD 50 value of 94 mg/g of body weight. However, the dose required for paralysis or impairment of movement (ED 50 ¼ 16 mg/g) was 6-fold lower than that required for lethality. This indicates that the venom contains components responsible for insect toxicity. On the other hand, when 100 mg of the venom was intraperitoneally injected into mice (20 g of body weight), no lethal effect was observed, indicating that the mammal toxicity of the I. maculatus venom is much less than that of other well-studied Buthidae scorpion venoms, such as Leiurus quinquestriatus hebraeus and Androctonus australis.
We then characterized the chemical components of the I. maculatus venom by MALDI-TOFMS analysis (Fig. 1 ). Components were observed mainly in two distinct ranges of molecular mass, 3,000-4,500 Da and 6,000-8,000 Da, which should correspond to short-chain and long-chain peptide groups respectively. Most of the scorpion venoms of the Buthidae family contain a relatively large number of long-chain peptides as compared to those of non-Buthidae scorpions. 11, 12) As expected, the venom of I. maculatus exhibited characteristics similar to those of Buthidae family scorpions as to the distribution of the molecular masses of the components.
HPLC purification of Im-1
The crude venom was applied to a C 4 RP-HPLC column, and the major chromatographic peaks were fractionated ( Fig. 2A) . Fractions 2, 3, and 5 showed toxicity against A. domestica. Fraction 5 was further separated using a C 18 RP-HPLC column (Fig. 2B) . These individual sub-fractions were subjected to the toxicity test. The main component, with a monoisotopic molecular mass of 6,344.5, showed insect toxicity, and was named Im-1. Approximately 8 mg (0.12%) of Im-1 was obtained from 6.8 mg of crude venom.
Primary sequence of Im-1
To determine the presence of disulfide bridges in Im-1, the toxin was reduced with DTT, alkylated with iodoacetamide, and measured by ESI-LC/MS. Since no mass difference was detected after the reduction and alkylation reactions, Im-1 was found to contain no disulfide bridges (data not shown). Next, intact Im-1 was subjected to Edman sequencing analysis, and the sequence of N-terminal 42 residues was determined (Fig. 3B) . To determine the unknown sequence at the C-terminus, Im-1 was digested with endoproteinase AspN, and resulting peptide fragments were purified using a C 18 RP-HPLC column (Fig. 3A) . The C-terminal fragment was identified based on the molecular mass obtained by ESI-LC/MS analysis and subjected to Edman sequencing analysis. Finally, the total sequence of Im-1 was determined (Fig. 3B) .
Sequence analysis
Sequence similarity searches using BLAST 13) revealed that two scorpion peptides, parabutoporin and BmKbpp, are similar to Im-1 (Fig. 4A) . Parabutoporin is an antimicrobial peptide found in the venom of Parabuthus schlectheri. It is composed of 45 amino acid residues. 14) BmKbpp was identified from the cDNA library derived from the venom glands of Buthus martensii based on homology with the amino acid sequence of bradykinin-potentiating peptide K12, 15) but no biological activity of BmKbpp has been reported. When the primary sequence of Im-1 was compared with parabutoporin, both peptides were found to contain a large number of positively charged residues (10Lys þ 3Arg in Im-1, and 11Lys þ 1Arg in parabutoporin) at the N-terminal to central portions of the sequence. Negatively charged residues in the C-terminal portion A, First separation of the crude venom using a C 4 semipreparative column. The numbered fractions were tested for insecticidal activity. B, Second separation of fraction 5 using a C 18 analytical column. The peak labeled with an asterisk showed insect toxicity. See text for experimental details.
were also observed in both peptides, a remarkable characteristic of this structural class of peptides. In addition, multiple Pro residues were found in the C-terminal portion of Im-1.
To characterize the secondary structure of Im-1, structural prediction was performed using a program at NPS@ server. 16) The results clearly demonstrated the existence of an -helical structure in residues 3-40 (Fig. 4A) . To confirm the prediction, we analyzed the secondary structure of Im-1 by CD spectrometry (Fig. 4B) . Im-1 exhibited a spectrum with negative ellipticities at 208 and 222 nm in the presence of TFE, a secondary structure-promoting solvent. This spectrum pattern is characteristic of an -helical structure similar to that of parabutoporin, and the -helix content was calculated to be 40% based on the spectrum. A helical wheel projection for Im-1 indicated that a majority of the predicted helical region of the peptide is amphipathic (Fig. 4C) , suggesting that Im-1 is also a pore-forming peptide.
Biological activity of Im-1
The biological activity of Im-1 was evaluated using chemically synthesized Im-1. Injection of 32 mg/g A, Multiple sequence alignment of Im-1 with similar peptides found in the database. Sec.Structure indicates the predicted secondary structure generated by the NPS@ server (c, coil; h, helix). Positively charged residues are shown in white letters on a black background, negatively charged ones are boxed, and prolines are shown in boldface for Im-1. Identical residues in the aligned sequences are shaded. B, CD spectra of Im-1 (10 mM) in water (dotted line) and in 50% TFE/water (solid line). C, Helical wheel projection of Im-1 (residues 18-35). Hydrophilic residues are shown in gray and hydrophobic and neutral residues in white.
(5 nmol/g) of Im-1 into A. domestica induced rapid paralysis in half of the tested animals. Paralysis continued for at least 15 min, but all the animals recovered within 1 h of injection. When a larger amount of the toxin (250 mg/g or 40 nmol/g) was injected, paralysis continued for more than 1 h, but most of the animals were still alive 24 h after injection. This indicates that the insecticidal effect of Im-1 is not significant compared to other neurotoxins from venomous animals. The ED 50 value for rapid paralysis was determined to be 38 mg/g (6 nmol/g).
The finding that Im-1 shares significant sequence similarity with parabutoporin led us to evaluate the antibacterial activity of Im-1 against three bacterial strains. As expected, Im-1 inhibited the growth of all the bacteria tested (Table 1) . Notable growth inhibition was observed at submicromolar concentrations for the Gramnegative bacterium E. coli. Im-1 also showed activity against the Gram-positive bacterium B. subtilis at low micromolar concentrations, whereas a concentration of more than 20 mM was required to inhibit the growth of S. aureus. This antimicrobial activity profile is very similar to that of parabutoporin, although the MIC values of Im-1 are 4 times lower than those of parabutoporin. 14) To determine the cytolytic effects of Im-1 on insect cells, Sf-9 cells were treated with 10 mM Im-1 for 3 h. Destruction of cellular structure was observed in the treated cells (Fig. 5) . Trypan blue staining demonstrated that more that half of the cells were not viable (data not shown). This suggests that the insect toxicity of Im-1 is caused by cytolytic action on neuronal or muscle cells.
Discussion
In this study, we isolated the insect toxin Im-1 by bioassay-guided fractionation of venom from the scorpion I. maculatus. Im-1 consists of 56 amino acids and lacks disulfide bridges. To our knowledge, this is the first report of the isolation and characterization of an insect toxin from I. maculatus venom. Im-1 induced rapid and reversible paralysis in crickets at the dose of 32 mg/g, but its lethal potency was marginal. In addition to Im-1, two other HPLC fractions exhibited insect toxicity. The effect of these fractions was not as rapid as Im-1, but their lethal potency appeared to be higher than that of Im-1, suggesting that the mechanism of action of Im-1 is different from the other insecticidal components in I. maculatus venom.
Im-1 shares sequence homology with parabutoporin and exhibits significant antimicrobial activity. In addition to parabutoporin, several linear antimicrobial peptides, including opistoporin, hadrurin, and pandinin, have been isolated from scorpion venoms. 6, 14, 17) Although they show relatively low sequence identity (<30%) to Im-1 (Fig. 4A) , these antimicrobial peptides represent a distinct structural class of cystein-free antimicrobial peptides with an amphipathic -helical structure. The finding that the antimicrobial activity profile of Im-1 is similar to that of parabutoporin strongly suggests that Im-1 and parabutoporin exert their antimicrobial effects through similar mechanisms, in which positively charged residues are important for interaction with the negatively charged outer membranes of the bacteria, leading to lysis by the formation of pores in the membrane. Parabutoporin is known to exhibit diverse biological activity on a variety of cell types in addition to bacteria. This includes induction of leak currents originating in rat dorsal ganglion cells 18) and cardiac myocytes. 19) It is believed that the pores formed by parabutoporin allow for trafficking of ions across membranes, resulting in depolarization of the membrane potential. However, no data regarding insect toxicity have been reported for parabutoporin. In this study, we found that Im-1 had significant insect toxicity against crickets.
There are several linear peptides showing both antimicrobial and insecticidal activity, most of which have been identified in spider venoms. Lycotoxin from the venom of the wolf spider (Lycosa carolinensis) is one of the peptides with both antimicrobial and insect neuroactive properties. Its amphipathic nature appears to contribute to a loss of cell membrane potential by the formation of pores. 20) Oxyopinins, cupiennins, and cytoinsectotoxins from the venoms of the spiders Oxyopes kitabensis, Cupiennius salei, and Lachesana tarabaevi respectively also show significant insecticidal activity as well as cytolytic activity. [21] [22] [23] The LD 50 values of these A B three toxins range from 20 to 160 mg/g. Compared to these peptides, Im-1 has no measurable insecticidal activity (LD 50 > 250 mg/g), but noticeable paralytic activity was observed at a concentration of 30 mg/g. The insect species used in this study was different from the preceding studies, in which Sarcophaga carnaria, Spodoptera litura, and Drosophila melanogaster were used. It is possible that Im-1 exhibits insecticidal activity against these insect species. As previously shown in a study of cyto-insectotoxins, 23) Im-1 also exhibits cytolytic action on insect cells. This suggests that Im-1 disrupts the membrane structure of insect cells to dissipate ion gradients across cell membranes, leading to lysis of the neuronal and muscle cells of the insect. However, severe irreversible damage should be limited to the site of injection, and the effect on the rest of the body may be weak enough for the insect to recover from paralysis.
Neurotoxic peptides are the main components of scorpion venom for both defensive and offensive reasons. In addition, antimicrobial peptides are in scorpion venom, although the exact biological roles of these peptides are still in question. There are several possible explanations for the role of antimicrobial peptides. First, the antimicrobial peptides may act as an insect toxin with direct cytotoxic effects. 23) Im-1 showed some insect toxicity (ED 50 ¼ 38 mg/g), but it is unlikely that this effect is its main biological function, considering that the insect toxicity of the whole venom (ED 50 ¼ 16 mg/g) is stronger than that of Im-1. Another possibility is that Im-1 exhibits positive cooperativity with neurotoxins, as is the case with some antimicrobial peptides. It has been found that the potency of neurotoxins increases in the presence of antimicrobial peptides, such as oxyopinins, and that the time required to induce paralysis or eventual death is also greatly shortened. 21) Although neurotoxic peptides have not been isolated from the I. maculatus venom, Im-1 might also potentiate the neurotoxins by degrading the cellular barrier facilitating the access of neurotoxins to the target neurons. Thirdly, protection from microbial infection via venom glands and ducts was suggested by a study of venom from the scorpion Buthus martensii. 24) In that study, it was reported that the antimicrobial peptide gene was up-regulated after bacterial challenge, suggesting that the antimicrobial peptides are synthesized as a defense reaction. Since Im-1 shows high antibacterial activity as compared to other scorpion peptides, it is possible that Im-1 plays a role in defense against microbial infection via the venom gland.
In conclusion, Im-1, a linear amphipathic peptide composed of 56 residues, was isolated from the venom of I. maculatus based on its activity against crickets. Im-1 shares sequence similarity to the antimicrobial peptide parabutoporin, and had antimicrobial activity as well as cytolytic action on insect cells, probably by the formation of pores in the cell membrane. Further studies of the molecular mechanism underlying the biological activities of Im-1 should reveal the importance of the linear amphipathic peptides in the venom, and should also be useful for the development of novel bioinsecticides and antimicrobial agents.
